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Management and Conservation
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ABSTRACT Water-level management is widespread and illustrates how contemporary climate can interact
directly and indirectly with numerous biological and abiotic factors to influence reproductive success of
wildlife species. We studied common loons, an iconic waterbird sensitive to timing and magnitude of water-
level changes during the breeding season, using a before-after-control-impact design on large lakes in
Voyageurs National Park (Minnesota, USA), to assess the effect of anthropogenic changes in hydroregime on
their nesting success and productivity. We examined multiple competing a priori hypotheses in an
information-theoretic framework, and predicted that magnitude of changes in loon productivity would be
greater in the Namakan Reservoir, where water-level management was altered to mimic a more natural
hydroregime, than in Rainy Lake, where management remained relatively unchanged. We determined
outcomes from 278 nests during 2004–2006 by performing boat-based visits every 3–5 days, and measuring
hydrologic, vegetative, and microtopographic covariates. Relative to comparably collected data for 260 total
loon pairs during 1983–1986, productivity (chicks hatched/territorial pair) increased 95% in the Namakan
Reservoir between the 2 time periods. Nest success declined in both lakes over the 2 study periods but less so
in the Namakan Reservoir than in Rainy Lake. Flooding was a primary cause of nest failures (though second
nests were less likely to flood). Nest predation appears to have increased considerably between the 2 study
periods. Top-ranked models suggested that timing of nest initiation, probability of nest flooding, probability
of nest stranding, and probability of nest success were each related to 2–4 factors, including date of initiation,
timing of initiation relative to peak water levels, changes in the elevation of the nest edge, maximum water-
level change between initiation and peak water levels, and maximum water-level change between initiation
and nest outcome. The top model for all variables except stranding each garnered 82% of total model
weight. Results demonstrate that water-level management can be altered to benefit productivity of common
loons. However, nuanced interactions between land-use change, invasive species, human development,
recreation, climate change, and recovery of top predators may often complicate both management decisions
and interpretation of water-level impacts on wildlife.  2013 The Wildlife Society.
KEY WORDS climate change, common loon, Gavia immer, hydroperiod, model-selection framework, Namakan
Reservoir, Rainy Lake, reproductive success, Voyageurs National Park.
Wildlife species exhibit plasticity and interannual variation
in numerous life history and demographic parameters. For
example, contemporary climate variability is affecting
morphology, reproductive success, community composition,
and phenology of many wildlife species and ecosystem
processes (e.g., Hughes 2000, Beever and Belant 2012).
Managers and researchers alike are increasingly realizing that
climatic variability will interact with other local and broad-
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scale ecosystem drivers to influence responses of wildlife and
other ecosystem components (Root and Schneider 2006,
Beever et al. 2010, Parmesan et al. 2011).
Amidst large spatial uncertainty in future precipitation
patterns associated with contemporary climate change,
management of freshwater lakes and their associated wildlife
will become more complex and nuanced. Greater complexity
arises from the fact that wildlife species in northern latitudes
are affected by the timing of freeze-up, ice-out, and
precipitation and associated water availability, as well as
the dynamics of the prey and predators of waterbirds that can
directly affect waterbird survivorship and reproductive
success. In general, warmer temperatures will increase rates
of evaporation in freshwater systems, though ultimate water
balance will be determined by the relative changes induced by
altered precipitation and evaporative water loss. Thousands
of lake systems in North America are manipulated by some
form of artificial water-level management via dams or other
water-control structures for water storage, hydroelectric
power generation, or other uses that are often in direct
conflict with wildlife management (Graf 1999). Combined, a
warming climate, a more variable water budget, and
increased conflict between human use and natural ecosystem
services will complicate lake and wildlife management.
Waterbirds are sensitive to the effects of fluctuating water
levels, as this can affect habitat for foraging, nesting, and
predator avoidance (Paillisson et al. 2002, Coops et al. 2003).
The common loon (Gavia immer) is an iconic and
conspicuous species in boreal lake systems and serves as
top predator in many aquatic food webs (Barr 1986,
Evers 2007). Though loon populations are presently stable
(Evers 2007), they can be sensitive bioindicators of
contaminants such as mercury and lead (Franson
et al. 2003, Evers et al. 2008), and human disturbance
and development (Titus and VanDruff 1981, Heimburger
et al. 1983). Loons are poorly adapted to walking on land and
build their nests immediately adjacent to the water’s edge to
facilitate water access for foraging or escape from predators
(McIntyre 1975, Vlietstra and Paruk 1997). Nests are
typically located within 50 cm of the water’s edge and 7 cm
to 10 cm above the water’s surface at initiation (Titus and
VanDruff 1981, Reiser 1988). This behavior, however,
exposes loon nests to natural and artificial fluctuations in
water levels. Large or rapid increases in water levels can cause
nest flooding, which typically leads to nest abandonment
(Titus and VanDruff 1981, Barr 1986). Receding water
levels can also affect nest success of common loons as
distances between nests and the shoreline increase, exposing
obstacles, steep slopes, and sharp vertical rises (Fair 1979,
Titus and VanDruff 1981). Vertical steps >4 cm or slopes
>13% can impede access to nests, often resulting in
abandonment (Barr 1986). Subsidence can also enhance
nest predation by making the nest more visible and accessible
to mammalian predators and by increasing the duration
when eggs are unattended by adults. Hence, high water or
flood events tend to decrease loon nest success and
productivity, whereas nest success tends to increase under
relatively stable water levels.
Figure 1. Locations of intensively surveyed loon territories (cross-hatched polygons) and sampled nests (black dots) in Voyageurs National Park, northern
Minnesota, USA, and surrounding area during 2004–2006. Additional loon territories (hatched polygons) were surveyed for territory occupancy and fledging
success.
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Despite these tendencies, water levels in natural, unregu-
lated lakes also fluctuate, and loons have developed behaviors
to accommodate this variability. Loons occupy breeding
territories soon after ice-out in lakes of the northern United
States, which typically occurs in late April to early May, and
may begin laying eggs as early as 2 weeks later. However,
loons may delay nest initiation until fluctuating water levels
allow access to traditionally used nest sites (Fair 1979,
Barr 1986). Nesting loons can respond to gradual increases
(e.g.,15 cm over several days) in water levels by building up
the edge of the nest cup with additional nesting material
(Barr 1986). Loons also readily nest on floating vegetation
such as cattail (Typha spp.) or bog mats (Mathiesen 1969). In
the event of nest failure, loons will re-nest up to 2 additional
times before the breeding season ends (Evers 2007).
Water-level fluctuations were identified as the primary
cause of low productivity among common loons in large lakes
of Voyageurs National Park (VNP; Fig. 1), Minnesota
during the 1970s and 1980s (Reiser 1988, Kallemeyn
et al. 1993). During the period 1979–1986, mean (1 SE)
rates of loon productivity were 0.59 (0.08) fledged young/
territorial pair on Rainy Lake and 0.29 (0.06) fledged
young/territorial pair on the Namakan Reservoir
(Reiser 1988). Nearly all of the difference in productivity
between the 2 water bodies was attributed to greater rates of
nest failure on the Namakan Reservoir; many of these losses
were attributed to flooding (Reiser 1988). As a result of this
work and other studies related to the effects of water-level
management on aquatic biota in VNP (Kallemeyn
et al. 1993), a revised water-management program that
incorporated a more-natural hydrologic regime was imple-
mented in January 2000, hereafter referred to as the 2000
Rule Curves (International Rainy Lake Board of
Control 1999). The most significant changes in this program
occurred in the timing and magnitude of water-level
fluctuations in the Namakan Reservoir, which were
hypothesized to have a net benefit on loon productivity in
that basin. We initiated a study in 2004 to 1) determine the
influence of water-level variables on loon breeding behavior
and nest outcomes; and 2) determine the effects of the 2000
Rule Curves on loon nesting success and productivity in
Rainy Lake and the Namakan Reservoir. Our specific
objectives include, in each water body, a) estimating rates of
occupancy and hatching and fledging rates of common loons;
b) comparing nesting success and productivity rates before
and after implementation of the 2000 Rule Curves; and c)
investigating abiotic factors related to timing of nest
initiation and nest fates (i.e., success, or failure due to
flooding or stranding).
STUDY AREA
Rainy Lake and the Namakan Reservoir are located along the
United States–Canada border (Fig. 1). About 16% of Rainy
Lake (921 km2) and 68% of the Namakan Reservoir
(259 km2) fall within the boundary of VNP, an 883-km2
protected area established in 1975. We included 3 of the 5
interconnected lakes in the Namakan Reservoir (Kabetogama,
Namakan, and Sand Point) in the study. Namakan and Sand
Point Lakes are classified as oligotrophic and Kabetogama as
mesotrophic (Christensen et al. 2004). Located at the
southern terminus of the Canadian Shield within the boreal
forest, Rainy Lake and the Namakan Reservoir each contain
hundreds of small islands, sloughs, wetlands, and backwater
channels that provide nesting habitat for loons and other
waterbird species. Within the study area, Rainy Lake contains
404.7 km of shoreline and 340 islands, whereas Namakan
Reservoir has 664.7 km of shoreline and 375 islands. Plant
communities in the littoral zone and shorelines of area lakes
are dominated by large patches of hybrid cattails (Typha x
glauca), but cane (Phragmites communis), reed canary grass
(Phalaris arundinacea), bulrush (Scirpus acutus), burreed
(Sparganium spp.), and water lilies (Nuphar spp. and
Nymphaea spp.) are also present (Kallemeyn et al. 2003,
Travis et al. 2010). Potential predators of loon eggs, chicks,
and adults are abundant and include American crows (Corvus
brachyrhynchos), common ravens (Corvus corax), herring gulls
(Larus argentatus), ring-billed gulls (L. delawarensis), bald
eagles (Haliaeetus leucocephalus), American mink (Neovison
vison), fishers (Mustela pennati), striped skunks (Mephitis
mephitis), raccoons (Procyon lotor), and red foxes (Vulpes
vulpes). Summer visitation to the park, primarily in the form
of boating, fishing, and camping along the shorelines of the
large lakes, remained between 160,000–200,000 visitors from
the 1980s to 2006 (U.S. National Park Service 2002; VNP,
unpublished data).
The region’s climate is continental, characterized by warm,
humid summers (mean July temperature ¼ 198 C) and cold,
dry winters. Mean annual precipitation during the period
1948–2002 was 62 cm, of which approximately 30% fell as
snow. Total annual precipitation declined 0.31 cm/decade
during this same period (Kallemeyn et al. 2003). Mean
annual ice-out dates were 4 May for Rainy Lake (1930–
2001) and 30 April for Namakan Reservoir (1952–2001), but
trend analysis suggests that ice-out dates were occurring
earlier in recent years (Kallemeyn et al. 2003, Johnson and
Stefan 2006). Indeed, ice-out dates during 2004–2006 were
all earlier than the long-term average: 1 May, 23 April, and
16 April on Rainy Lake and 28 April, 20 April, and 16 April
on Namakan Reservoir (VNP, unpublished data).
Flows and water levels in Rainy Lake and the Namakan
Reservoir have been controlled by privately owned dams
or water-control structures at their outlets since 1913
(Kallemeyn et al. 2003). These lakes previously existed as
natural water bodies but their size increased after impound-
ment. Because these waters span both the United States and
Canada, the International Joint Commission (IJC) regulates
flow releases and water levels in these lakes through rule
curves, which specify maximum and minimum water levels
and the timing of peak water level under normal conditions.
Under the rule curve established in 1970, annual water levels
on all of the lakes of the Namakan Reservoir peaked around 1
July and gradually decreased over the summer (Fig. 2;
Kallemeyn et al. 1993). Conversely, peak water levels on
Rainy Lake were reached by around 1 June and held steady
until late fall. For the Namakan Reservoir, the 2000 Rule
Curves altered the magnitude and timing of the spring fill
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such that peak water levels were achieved earlier in the loon
nesting season (around 1 Jun; Fig. 2). The 2000 Rule Curves
did not significantly change on Rainy Lake from the previous
regime, except for the implementation of gradual summer
drawdown beginning in mid-July (Fig. 2).
Water levels showed substantial interannual variability
during the breeding season during 2004–2006, but mostly
stayed within the limits imposed by the 2000 Rule Curves
(Fig. 3). The 1 major exception occurred when a large
rainfall event (5.6 cm) on 25 May 2005 caused water levels to
exceed the upper limits of the 2000 Rule Curves in both Rainy
Lake and the Namakan Reservoir (Minnesota Climatology
Office weather archives, http://climate.umn.edu/hidradius/
radius.asp).
Figure 2. Upper and lower bands for the 1970 (dashed line) and 2000 (solid line) Rule Curves for Rainy Lake (gray) andNamakan Reservoir (black), USA. The
major differences in water-level management on the Namakan Reservoir between the 2000 and 1970 Rule Curves include an earlier peak (from 1 Jul to 1 Jun)
and a reduction in themagnitude of the spring fill (from 1.8 m to<1.0 m).Water-level management on Rainy was similar between 2000 and 1970 Rule Curves;
peak water levels were achieved around 1 July and increase about 0.2 m during the spring fill. The modeled natural hydrograph (i.e., before the installation of the
dams) is also shown (dash-dot-dot line). Water-level management in the Namakan Reservoir under the 2000 Rule Curves is more similar to the natural
hydrograph than in Rainy.
Figure 3. Causes of loon nest failures by date plotted against actual water levels in Rainy Lake andNamakan Reservoir during 1May–1 September 2004–2006.
Flooded nests (closed circles) and stranded nests (open circles) are plotted above the water level (solid lines). Predated nests (closed diamonds) and nests that
failed for other or unknown reasons (open diamonds) are plotted below the water level. Upper and lower bands of the 2000 Rule Curves (dotted lines) are also
shown.
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METHODS
Monitoring of Loon Productivity
We surveyed loon territories in Rainy Lake and the
Namakan Reservoir that were identified during annual
monitoring from 1973–2003 (VNP, unpublished data). We
added territories, including 11 in Ontario, to the existing
pool of known territories during the course of the study.
Collectively, we intensively surveyed 129 territories during
the 3 years of this study, 2004–2006 (Fig. 1). Independent 2-
person field crews surveyed Rainy Lake and the Namakan
Reservoir (hereafter referred to as Rainy and Namakan); we
cycled crew members between the 2 areas on a weekly basis to
maintain sampling consistency between the 2 basins. Initial
surveys began shortly after ice-out to determine occupancy
and record reproductive behavior. We surveyed all territories
by motorboat on a 3- to 5-day cycle, except in a few instances
of >5-day intervals because of inclement weather or other
logistical constraints. We considered a territory to be
occupied if a loon pair was observed in the territory on 3
consecutive surveys. We continued to monitor those
territories that we classified as unoccupied at least monthly
throughout the breeding season to confirm that they were
not nesting.
We obtained daily water elevations (m above sea level [a.s.
l.]), recorded at monitoring stations at Fort Frances, Ontario
(Rainy Lake) and Kettle Falls Dam (Namakan Reservoir),
from the International Rainy Lake Board of Control. We
recorded location and date when an active nest was first
observed. We approached incubating loons slowly to allow
them to flush from the nest to verify presence of 1 egg,
which we defined as nest initiation.We recorded the number
of eggs present and several physical characteristics during this
first visit, including elevation (m a.s.l.) of the front rim of nest
(daily water level þ vertical distance from water level to top
of front rim), height of nest (distance from top of front rim to
substrate), the width of the rim at the front and back of the
nest, nest cup depth, distance from the front of the nest to
nearest water, and elevation and distance from the nest of any
vertical steps >4 cm. We also recorded the current water
level relative to the nest edge (i.e., whether level was above or
below the nest edge), depth of water in the nest (if any), and
whether or not the nest cup was saturated. We determined
the front of the circular nest by observing the direction that
loons exited the nest, as it was not always perpendicular to the
shoreline.
We designed our nest-monitoring protocols to minimize
disturbance to nesting loons (Fair et al. 2010). Field crews
obtained nest measurements as quickly as possible (mean
measurement time ¼ 3.7 min, n ¼ 111), but if a loon failed
to flush off the nest immediately when approached, we
located a comparable site nearby and took relevant water-
level measurements (n ¼ 43 of 266 nests measured). In rare
instances when we detected egg predators (e.g., American
crows or gulls) nearby, we did not approach incubating loons
and we delayed nest measurements until the next survey.
We did not forcibly remove loons to accommodate the
measurement process.
Field crews checked on incubating loons every 3–5 days to
monitor nest fate. In nearly all cases, this consisted of a single
pass at distances of 50–150 m and did not cause the
incubating loon to flush. We remeasured nests as described
above after chicks were successfully hatched or the nest was
known to have failed. For failed nests (i.e., depredated,
flooded, stranded, or unknown cause), we recorded the
number of eggs present and we intensely searched the nest
area for evidence of predation. We established a decision-
making tree to aid in determining the following loon nest
outcomes: successful (1 chick observed), flooded (nest
flooded or nest cup saturated), stranded (water levels receded
from abandoned nest), predated, or unknown (see Appendix
S1, available online at www.onlinelibrary.wiley.com for the
complete decision tree). Territory monitoring continued
until early September each year to determine nest fate and
survival of hatched young to at least 6 weeks of age. We
recorded renesting attempts (for territories where nests
failed) and conducted nest monitoring for those as described
above. In a few cases each year, loon pairs produced chicks
before we could locate the nest; we considered these instances
to constitute a successful nest attempt. We included these
data in productivity analyses (occupancy and chicks/
territorial pair) but omitted these data from analyses of
nesting data (e.g., % nesting success), as we assumed the
sample would be biased towards loon territories that produce
positive results versus unlocated nests that did not produce
chicks.
Analysis
Impact of 2000 Rule Curves on productivity and nest fates.—
Wedefined chicks as loon young<2 weeks old and fledglings
or fledged young as loon young >6 weeks old (sensu
Evers 2007). Occupancy is presented as percent of surveyed
territories occupied by a territorial pair. Unless otherwise
stated, productivity is presented as number of chicks/
territorial pair, rather than the more traditional metric of
fledged young/territorial pair, because we assumed water-
level variability should have relatively little direct effect on
post-hatching survival. We tested for changes in percent
occupancy and productivity as a result of the implementation
of the 2000 Rule Curves in a before-after-control-impact
(BACI)-pairs design (Stewart-Oaten et al. 1992) using a
repeated measures analysis of variance (ANOVA) with year
of sampling as a random effect (Schultz 2012). We used
Rainy as our control, assuming that the late summer
drawdown implemented as part of the 2000 Rule Curves
would not affect nesting behavior or nest success. We used
productivity and nest outcome data from Reiser (1988) for
the years 1983–1986 as the before sample, as this presented
the most uniform and comparable set of data in terms of
effort and variables measured. During the 1983–1986 study,
loon territories were visited weekly to determine occupancy.
Once nests were located and loons were confirmed to be
incubating, they were visited again after 21–28 days to
determine nest fate. Chicks from successful nests (i.e., 1
chick observed) were monitored weekly up to 4 weeks of age.
Reiser (1988) classified failed nests as flooded, predated,
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abandoned, or unknown cause of failure. Because nests were
not visited routinely during the first 3 weeks of incubation
during this study, we assume they were not able to reliably
differentiate nests that failed from flooding from other
causes. Annual proportions of each nest outcome or
proportions of first nests were not reported in Reiser
(1988), and we were unable to obtain the original data.
Therefore, we only used the combined data for 1983–1986
for successful versus failed nests for analysis. We tested for
differences in the proportion of total nests that were
successful in a BACI-pairs design using a repeated measures
ANOVA with period of sampling (1983–1986, 2004, 2005,
2006) as a random effect. We set alpha ¼ 0.05 to determine
statistical significance of results. We performed analyses
using SAS JMP 7 (SAS Institute, Inc., Cary, NC).
Factors associated with nest initiation and fate.—We used a
model-selection framework to identify the combinations of
abiotic factors influencing the timing of nest initiation and
probability of 3 nest outcomes: success, failure due to
flooding, and failure due to stranding (Table 1). We devised
the short suite of models a priori based on our understanding
of loon biology and the species’ response to hydrology. For
timing of nest initiation, we divided the breeding season
(1 May–1 Aug) into 4-day blocks and used the number of
initiated first nests during each block as our response
variable in 18 multiple-linear-regression models we devel-
oped a priori (see Appendix S2, available online at www.
onlinelibrary.wiley.com for complete model sets). For
probability of nest outcomes, we used in each case a binary
response variable (failure ¼ 0, success ¼ 1; not flooded ¼ 0,
flooded ¼ 1; not stranded ¼ 0, stranded ¼ 1) in 3 sets of
logistic regression models developed a priori. We did not
allow correlated predictors (|r|  0.7) to occur in the same
model; instead, we chose the most biologically meaningful
variable to remain based on our knowledge of loon ecology in
the region. We used only first nest attempts in modeling
efforts because renesting loons often reuse nest sites within
the same season and therefore are not independent of
previous nesting attempts. We evaluated evidence in support
of our alternative hypotheses (i.e., competing models) using
Akaike’s Information Criterion scores corrected for sample
size (AICc). We considered all models with DAICc < 2.0 as
plausible, given the data (Burham and Anderson 2002).
RESULTS
2004–2006 Water Levels and Productivity
During our study, mean (SE) peak water level on Namakan
was achieved on 2 June (2.7 days), 43 days sooner than
under the 1970 Rule Curves (16 Jul 3.0 days). For Rainy,
mean peak water level was reached on 26 June (6.1 days),
similar to peak level under the 1970 Rule Curve (23 Jun3.2
days).
In each of the 3 years of the study, we surveyed a range of
41–49 potential loon territories in Rainy and 54–80
territories in Namakan (Table 2). Numbers of surveyed
territories increased each year as we added new territories to
survey routes. Mean annual occupancy (1 SE) was 94.9%
(1.9%) in Rainy and 82.9% (4.1%) in Namakan.
As measured by the number of first nest attempts recorded
relative to the number of territorial pairs, the mean
annual percentage of territorial pairs initiating 1 nest
was greater on Rainy (77.9%  7.4%) than Namakan
(58.5  14.9%).
The number of chicks (<2 weeks old) observed each year
was highly variable, ranging from 8 to 21 on Rainy Lake and
17 to 37 on Namakan Reservoir (Table 2). The 37 chicks
observed in 2006 on Namakan was the greatest total ever
recorded since systematic surveys began there in 1979 (VNP,
unpublished data). Mean annual productivity (chicks/
territorial pair) for 2004–2006 was slightly greater in
Namakan (0.43  0.10 SE) than Rainy (0.33  0.09).
Although loon productivity on Namakan averaged nearly
twice as high as on Rainy in both 2004 and 2006, Rainy
productivity was twice as high as Namakan’s in 2005.
Number of fledglings observed was similarly variable across
years. Mean number of chicks hatched per successful nest
during 2004–2006 was similar between Rainy (1.59  0.51)
and Namakan (1.55  0.50). Chick survival, as measured by
the proportion of chicks that survived to fledging, was
identical for Rainy (0.76  0.15) and Namakan
(0.76  0.00). We did not directly observe any instances
of chick mortality.
2004–2006 Nest Fates
We located and monitored 278 loon nests for all years and
study sites combined. The majority of all nests monitored
were first nest attempts for both Rainy Lake (66.2%) and
Table 1. Abiotic variables used in regression models to describe timing of nest initiation or probability of nest outcome (success, flooded, stranded) for 278
common loon nests in Voyageurs National Park, 2004–2006.
Variable name Variable type Description
B_P Binary Timing of nest initiation: after peak water levels achieved ¼ 0, before peak water levels ¼ 1
BASIN Binary Rainy Lake or Namakan Reservoir
DAY_I Continuous Julian day at nest initiation
DAYS_ICE Continuous Number of days between ice-out and nest initiation
DAYS_PEAK Continuous Number of days between peak water level and nest initiation
MAX_IO Continuous Difference in water level (m a.s.l.) between nest initiation and nest outcome
NB Binary Nest-edge level increased between initiation and outcome? No ¼ 0, yes ¼ 1
NEL Continuous Change in elevation of nest edge level between initiation and outcome. Negative value denotes nest buildup.
NESTSUB Binary Nest substrate: land ¼ 0, floating vegetation mat ¼ 1
MAX_PI Continuous Difference in water level (m a.s.l.) between nest initiation and peak water level
WL Continuous Mean water level (m a.s.l.) for each 4-day monitoring interval
WL_RISE Binary Water levels increased between initiation and outcome? No ¼ 0, yes ¼ 1
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Namakan Reservoir (79.5%; Table 3). Loon pairs attempted
a third nest within a single season on only 4 occasions, all on
Rainy Lake. Mean (SE) median date of initiation of first
nest attempt was 36.7 days (0.3) after ice-out for Rainy and
43.8 days (3.2) for Namakan. Median date of initiation of
first nest attempts was 30 May (range ¼ 9 May–5 Jul) on
Rainy and 6 June (8 May–7 Jul) on Namakan for all years
combined (Table 3). The latest date for initiation of a
renesting attempt was 6 July on Rainy and 12 July on
Namakan.
Nesting success (i.e., percent of all nests successfully
hatching 1 egg) was relatively low during the study. Mean
annual nesting success was more than 2 times greater on
Namakan than on Rainy (Table 4). Further, nest success was
greater for renests than for first nests, for each site (Table 3).
For all nests combined at both sites and across all years,
depredation and flooding of nests caused most nest failures,
followed by unknown causes and stranding (Table 3).
Nest losses due to flooding (i.e., percent of all nest attempts
that flooded) from 2004 to 2006 were slightly higher in
Rainy than Namakan (Table 3). Not surprisingly, nest
failures caused by flooding generally only occurred while
water levels were increasing (Fig. 3). Because water levels in
the Namakan Reservoir rise much faster than those in Rainy
Lake during the spring-fill period, 90% of the flooding events
that happened in the Namakan Reservoir occurred between
16 May and 12 June, a 25-day period. Conversely, total
water-level increase in Rainy during the loon nesting season
is less than in Namakan but happens over a longer period of
time. As a result, more nests were flooded on Rainy than on
Namakan, and 90% of flooding events on Rainy occurred
between 17 May and 27 June, a 40-day period. On many
Table 3. Common loon nest outcomes by nest attempt and median dates of nest initiation and outcome for Rainy Lake and Namakan Reservoir, Voyageurs
National Park, Minnesota, 2004–2006. Nest outcomes are presented as means (SE) for 2004–2006. Median dates are for all years combined.
First nest Renesta
% of total Median date % of total Median date
n Mean SE Initiation Outcome n Mean SE Initiation Outcome
Rainy Lake
Total nests 100 30 May 9 Jun 51 16 Jun 29 Jun
Successful nests 9 9.0 3.5 7 Jun 4 Jul 8 15.5 3.4 15 Jun 12 Jul
Failed nests 91 91.0 3.5 30 May 8 Jun 43 84.5 3.4 16 Jun 27 Jun
Flooded 36 36.1 7.7 25 May 5 Jun 11 21.7 2.6 16 Jun 29 Jun
Stranded or abandoned 4 4.0 2.0 5 Jun 4 Jul 5 10.2 7.6 21 Jun 7 Jul
Depredated 31 31.1 5.8 30 May 12 Jun 18 35.1 6.4 18 Jun 1 Jul
Unknown or other 20 19.9 10.0 12 Jun 18 Jun 9 17.5 2.8 21 Jun 1 Jul
Namakan Reservoir
Total nests 101 6 Jun 16 Jun 26 21 Jun 7 Jul
Successful nests 25 24.6 1.3 13 Jun 10 Jul 11 44.4 9.4 6 Jul 24 Jul
Failed nests 76 75.4 1.3 1 Jun 12 Jun 15 55.6 9.4 19 Jun 1 Jul
Flooded 23 22.2 4.4 25 May 31 May 1 6.7 6.7 10 Jun 10 Jun
Stranded or abandoned 11 11.5 2.9 12 Jun 27 Jun 1 6.7 6.7 9 Jun 9 Jun
Depredated 22 20.8 3.3 10 Jun 15 Jun 6 18.6 9.4 19 Jun 1 Jul
Unknown or other 20 20.8 3.8 4 Jun 13 Jun 7 23.7 7.7 22 Jun 2 Jul
a In Rainy Lake, includes 2 third-nest attempts in each of 2004 and 2005, all of which failed.
Table 2. Measures of productivity of common loons in Rainy Lake and the Namakan Reservoir, Voyageurs National Park, Minnesota from the periods
1983–1986 and 2004–2006. Data for 1983–1986 are from Reiser (1988).
Variable






Mean SE Mean SE Mean SE Mean SE
No. territories surveyed 35.2 2.9 41 46 49 45.3 2.3 51.5 1.8 54 78 80 70.7 8.4
No. territorial pairs 29.2 2.4 40 42 47 43 2.1 35.8 2.4 46 69 60 58.3 6.7
% Occupancy 83.0 2.4 97.6 91.3 95.9 94.9 1.9 69.6 4.8 85.2 88.5 75.0 82.9 4.1
% Territorial pairs attempted nest 85.0 78.6 70.2 77.9 4.3 58.7 43.5 73.3 58.5 8.6
No. total nests/territorial pair 0.57a 1.28 1.21 1.04 1.18 0.07 0.34a 0.87 0.51 0.87 0.70 0.12
No. chicks 16.5 2.8 8 21 13 14 3.8 7.8 1.5 17 21 37 25 6.1
No. chicks/successful nestb 1.40 1.40 1.56 1.33 1.43 0.09 1.29 1.40 1.50 1.56 1.49 0.06
No. fledged young 6 13 12 10.3 2.2 13 16 28 19 4.6
Chick survivalc 0.75 0.62 0.92 0.76 0.09 0.76 0.76 0.76 0.76 0.00
Chicks/territorial pair 0.55 0.06 0.20 0.50 0.28 0.33 0.09 0.22 0.03 0.37 0.30 0.62 0.43 0.10
Fledged young/territorial pair 0.15 0.31 0.26 0.24 0.05 0.28 0.23 0.47 0.33 0.07
a Calculated as total number of nests/total number of territorial pairs for 1983–1986 combined.
b Calculated as total number of chicks/total number of successful nests for 1983–1986.
c Survival from hatching to 6 weeks of age.
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occasions when water levels were high or still rising, loons
were observed near historical nest sites but appeared to wait
to initiate nesting until water levels receded. Renesting
attempts had lower rates of flooding than first nest attempts,
in both basins (Table 3).
Nest losses due to stranding mostly occurred while water
levels were receding and therefore primarily happened after 1
July for Rainy and 20 June for Namakan (Fig. 3; Table 3).
Likewise, stranded nests tended to be those initiated later in
the nesting season, and renesting attempts were more likely
to fail from stranding than first nests (Table 3). Nests that
failed because of depredation or other causes (including
unknown causes) tended to happen after peak water levels in
Namakan (1 Jun). In fact, non-flooding causes of nest failure
occurred most commonly after 1 June for both sites in all
years except 1; 22% of nests (11 nests) on Rainy failed
because of depredation and unknown causes 15–22
May 2006 (Fig. 3).
The major rainfall event on 25 May 2005 resulted in a
substantial increase in water levels on Rainy Lake for about
2 weeks, during which time 14 nests failed because of
flooding (Fig. 3). Consequently, the nest-flooding rate on
Rainy was greater in 2005 (39.2%) than either 2004 or 2006
(27.5% and 26.5%, respectively). Interestingly, we did not
find a concomitant spike in flooded nests on Namakan in
2005 when water levels exceeded the upper band of the 2000
Rule Curves for 5 days. In fact, contrary to Rainy, flooded
nests in Namakan were fewer in 2005 than in the other
2 years.
Impact of 2000 Rule Curves on Productivity and Nest
Fates
Annual occupancy rates were not affected by implementation
of the 2000 Rule Curves (treatment  time interaction,
P ¼ 0.85; Table 2) though occupancy was greater on Rainy
than Namakan for all years combined (P < 0.01). However,
implementation of the 2000 Rule Curves positively affected
productivity on Namakan but not Rainy (treatment  time
interaction, P < 0.01). Nest success declined between the
periods 1983–1986 and 2004–2006 (P < 0.01); however, the
amount of decline was less on Namakan than on Rainy
(treatment  time interaction, P ¼ 0.045).
Factors Associated With Nest Initiation and Fate
Timing of first nest attempt.—The best-supported model
describing the number of first nest attempts during each 4-
day period in the nesting season included 3 predictors: a) the
difference between water levels at nest initiation and annual
peak water level, b) whether or not the 4-day sampling
period occurred before peak water level was achieved, and c)
mean daily water level during the 4-day period (Table 5a).
Essentially, loons were more likely to initiate a first nest
as the difference between current water levels and peak
water levels decreased or if water levels were stable (i.e., not
rising).
Table 5. Model results from regression analyses of abiotic factors related to a) timing of nest initiation, b) nest success, c) nest flooding, and d) nest stranding
among common loons, Voyageurs National Park, Minnesota, 2004–2006. Only models with differences in corrected Akaike’s Information Criterion (DAICc)
values <2.0 are shown (see Appendix S2, available online at www.onlinelibrary.wiley.com for complete model sets). Negative signs before variables denote a
negative effect on the response variable.
Response Modela
No. of
parameters R2 AICc DAICc Weight (wi)
a) Timing of nest initiation MAX_PI  B_P þ WL 4 0.353 700.16 0.00 0.986
b) Nest success NEL þ DAY_I þ NESTSUB þ MAX_IO 5 0.281 129.34 0.00 0.998
c) Nest failure due to flooding NEL þ B_P 3 0.400 134.16 0.00 0.818
MAX_PI þ NEL þ B_P 4 0.404 135.42 1.26 0.066
NEL þ B_P þ DAY_I 4 0.403 135.48 1.32 0.058
MAX_PI þ NEL þ B_P þ NESTSUB 5 0.411 135.88 1.72 0.026
NEL þ B_P þ NESTSUB þ MAX_IO 5 0.410 136.10 1.94 0.017
d) Nest failure due to stranding MAX_PI  NEL  B_P 4 0.336 71.22 0.00 0.518
NEL  B_P 3 0.313 71.32 0.10 0.424
MAX_PI  NEL  B_P  NESTSUB 5 0.342 72.60 1.38 0.033
NEL  B_P  MAX_IO 4 0.230 72.90 1.68 0.018
a Definitions of model variables: B_P ¼ timing of nest initiation (after peak water levels achieved ¼ 0, before peak water levels ¼ 1); DAY_I ¼ Julian day at
nest initiation; MAX_IO ¼ difference in water level (m a.s.l.) between nest initiation and nest outcome; MAX_PI ¼ difference in water level (m a.s.l.)
between nest initiation and peak water level; NEL ¼ change in elevation of nest edge level between initiation and outcome; NESTSUB ¼ nest substrate
(land ¼ 0, floating vegetation mat ¼ 1); WL ¼ mean water level (m a.s.l.) for each 4-day monitoring interval.
Table 4. Nest outcomes of common loons for the periods 1983–1986 and 2004–2006 for Rainy Lake and Namakan Reservoir, Voyageurs National Park,
Minnesota. Data for 1983–1986 from Reiser (1988).
Rainy Lake Namakan Reservoir
1983–1986 2004–2006 1983–1986 2004–2006
n Mean %a n Mean % SE % n Mean % n Mean % SE %
Nest attempts 67 151 48 127
Successful nests 47 70.1 17 11.2 3.4 24 50.0 36 28.1 1.7
Failed nests 20 29.9 134 88.8 3.4 24 50.0 91 71.9 1.7
a Percent of total nest attempts.
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Probability of nest success.—A single best model describing
the probability of loon nesting success included 4 predictors:
a) change in nest-edge level between initiation and outcome,
b) nest substrate (floating vegetation mat or land), c)
difference between water levels at initiation and outcome,
and d) Julian day of initiation (Table 5b). That is, nest success
of loons was greater for floating nests or nests with built-up
nest edges. Also, nest success was greater when water levels
receded after initiation or nests were initiated later in the
nesting season.
Probability of nest flooding.—Five models describing
probability of nest flooding were included in the set of
best-supported models (Table 5c). The top model contained
2 predictor variables: a) change in nest-edge level between
initiation and outcome, and b) whether or not the nest was
initiated before peak water levels were reached. These 2
predictors were also included in the other 4 best models. The
second-best model also included a variable describing the
maximum change in water-level elevation between nest
initiation and peak water level. The third-best model also
included Julian day of initiation. In the top model,
probability of nest flooding decreased if loons built up the
nest edge after initiation, and increased if initiation occurred
before peak water levels were reached.
Probability of nest stranding.—Two equally plausible top
models describing the probability of nest failure due to
stranding included 2 predictor variables: a) change in nest-
edge level between initiation and outcome, and b) whether or
not the nest was initiated before peak water levels (Table 5d).
Our second-ranked model also included a variable describing
maximum change in water level elevation between nest
initiation and peak water level. Probability of loon nest
stranding increased if loons built up the nest edge after
initiation and if initiation occurred after peak water levels
were reached. Probability of stranding increased as the
difference between water levels at initiation and peak water
levels increased.
DISCUSSION
Changes in water-level management regimes (i.e., imple-
mentation of the 2000 Rule Curves) had a positive effect on
measures of loon productivity and nesting success in the
Namakan Reservoir, relative to 1980s measures. Loon
productivity in Namakan increased 95% between the periods
1983–1986 and 2004–2006. The observed positive change in
productivity occurred despite an overall decrease in nesting
success on both lakes during the same period. However, the
decrease in nest success was less dramatic on Namakan
relative to Rainy (our control site), suggesting a positive
(albeit relative) effect of the 2000 Rule Curves on nest success
for Namakan. For Namakan, the timing of peak water levels
was shifted more than 30 days sooner under the 2000 Rule
Curves, providing more days of the breeding season when
water levels were relatively stable. Modeling also demon-
strated that loons were more likely to nest when water levels
were closer to their peak. Water levels were managed to
increase approximately 1.9 m between 1 May and 1 July
under the 1970 Rule Curves but only 0.8 m for the same
period under the 2000 Rule Curves. Decreasing the
magnitude of total water-level change during the early
part of the nesting season should have increased the
proportion of days when water levels were close to their
peak and encouraged more nest initiation earlier in the
season. Further support of this idea comes from 2005, the
year when water levels exceeded the upper band of the 2000
Rule Curves onNamakan and therefore themagnitude of the
spring fill was highest, when the percent of loon pairs that
initiated a first nest was 16–30% less than either 2004 or 2006
(Table 1). Further, loons whose first nests failed were able to
renest later in the season under more favorable conditions
(i.e., when water levels were stable). The change in the
timing of peak water levels resulted in a relatively high
proportion of renesting attempts being successful (i.e., 44%
of second attempts were successful vs. 25% for first attempts
in 2004–2006), as nearly all of these nests were initiated after
peak water levels were reached. Therefore, even though
overall nest success on Namakan has decreased since the
1980s, the percentage of loon pairs that attempted nests
increased, and consequently overall productivity increased
under the 2000 Rule Curves, both in total numbers of chicks
and number of chicks/territorial pair. Gutreuter et al. (2013)
also concluded that the 2000 Rule Curves resulted in
improved loon productivity in the Namakan Reservoir, based
on long-term fledging data from 1979 to 2009 for Rainy and
Namakan Lakes.
The 2000 Rule Curves for Namakan included the addition
of a slight summer drawdown. The magnitude of the
summer drawdown is much less than the magnitude of the
spring fill, however, and the number of stranded nests we
documented in 2004–2006 is relatively minor compared to
the number of nest-flooding events. That is, these apparently
opposing changes in the management regime on Namakan
do not appear to be offsetting in terms of loon production.
Model results from Gutreuter et al. (2013), based on loon
productivity data from 103 lakes in Minnesota from 1979 to
2009, corroborate this conclusion. They demonstrated that a
100-cm rise in water levels during a 60-day nesting season
reduced loon productivity by 50%, but a 100-cm drop in
water levels during that same season only reduced
productivity by 20%.
We do not fully understand why territory occupancy and
the proportion of loon pairs that initiated nests (either total
nests or first nests) were consistently less in the Namakan
Reservoir than Rainy Lake during both study periods. Lake
productivity and the availability of islands or other suitable
nest sites are similar between the sites. One potential
explanation is that the steeper rise of the spring fill in
Namakan relative to Rainy may discourage loon pairs from
occupying territories and attempting a nest early in the
season.
Loon behaviors affected nest success or probability of
failure due to flooding or stranding. Loons are known to add
nesting material to the edge of the nest cup under increasing
water conditions (Barr 1986), increasing the level of the
upper nest edge by as much as 15 cm over several days. Our
data suggest that loons are capable of adapting to even greater
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water-level changes, albeit at slower rates than reported by
Barr (1986). We documented 6 nests where nest edge
increased 30–44 cm during the nesting season. Two of these
nests increased 31 cm in 9 days. Conversely, loons that built
up their nest cup to mitigate rising water levels were then
more likely to abandon the nest later in the season when
water levels recede too much for them to safely access water
in front of the nest. Given that the probability of nest failure
from flooding is much greater than the probability of
stranding for most loon nests, adding nest material appears to
be a strongly adaptive behavior for loons in the region.
Selection of nest sites on floating mats or wetland
vegetation also increased the probability of nest success, as
previously documented in other systems (Mathiesen 1969,
Vermeer 1973). Nests placed on these substrates, such as
floating cattail mats or bog mats, are less prone to flooding,
because the whole nest floats on top of the rising water
column. This same concept has been demonstrated in several
studies that found increased nest success on artificial floating
nest platforms versus natural substrates (Piper et al. 2002,
DeSorbo et al. 2007). Though nest substrate was not 1 of the
variables in the 2 best models for probability of nest flooding,
it was in 2 other models that also received some support
(Table 5b–d). Regardless, the dramatic expansion of non-
native cattails in the VNP area over the last 50 years may have
increased the amount of floating habitat available for nesting
loons during this period (VNP, unpublished data). Ironically,
artificial water-level management may be stimulating both
vegetative and sexual reproduction in this species, resulting
in a wider distribution of larger patches of cattails in the area
that may act as loon nesting habitat (Travis et al. 2010).
Observed reductions in productivity or nest success could
be partly related to density dependence or other factors.
Mean annual abundance (SE) of adult loons in the large
lakes of VNP increased by 84% between the periods 1983–
1986 (168.0  11.8 adults) and 2004–2006 (309.0  28.6;
Reiser 1988, VNP, unpublished data). This increase is
similar to those documented in other populations in
Minnesota and Wisconsin (Meyer 2006, Evers 2007).
Density-dependent effects can manifest themselves in
increased agonistic interactions between adult loons that
result in reduced occupancy (Paruk 1999, Piper et al. 2000,
Evers 2001), direct mortality of adults and chicks (Evers
et al. 2010), or increased nest failure by indirectly facilitating
egg predation (Paruk 2000). As population density
approached carrying capacity and suitable habitat became
saturated from the 1980s to 2000s, overall nesting success
may have declined if loons were forced to use less-suitable
nest sites that were more susceptible to flooding or predation
(Grear et al. 2009). Methylmercury concentrations in young-
of-the-year yellow perch (Perca flavenscens), a common prey
item of common loons (Barr 1996), are highly correlated
with water-level fluctuations in the Namakan Reservoir
induced by current and previous water-level management
regimes (Sorensen et al. 2005). Methylmercury concen-
trations found in common loon adults and chicks in VNP
lakes are relatively high, even in natural lakes where levels are
not managed, similar to other low-pH boreal lakes (Ensor
et al. 1992, Evers et al. 2011). Thus, the unnatural water-
level management regimes that have been maintained in the
VNP area since 1913 are likely contributing to increased
methylmercury concentrations in loons in these lakes, which
may be contributing to long-term declines in productivity
(Evers et al. 2008).
Both lake systems experienced dramatic nest losses due to
predation (Table 3). Some nest fates that we classified as
predation could have ultimately been caused by something
else (e.g., flooding or death of the adult away from the nest)
and the nest was merely scavenged. However, considering
that many unknown cases of loon nest failure were likely a
result of predation and therefore our estimates of confirmed
predation are likely low (Larivie`re 1999, McCann et al.
2005), the proportion of all nests lost to predators was the
most common cause of failure. Reiser (1988) reported
relatively low predation rates for Rainy (6%) and Namakan
(4.5%) for the period 1983–1986, though these estimates are
likely biased low because some events classified as flooding
were likely due to predation or abandonment. Regardless, we
believe that an increase in nest predation is the most likely
explanation for the overall decrease in nest success observed
between the 2 study periods. Reliably inferring the species
of nest predator from nest remains is problematic (see
Larivie`re 1999); we can only speculate which predators may
be most responsible for the change in predation rates over
time. Loons are relatively large birds and nests are typically
only exposed to egg predators such as gulls or corvids when
adults are forced from the nest. Reiser (1988) observed ravens
removing both eggs from a loon nest to cache in a nearby tree
in VNP during the 1983–1986 study. Anecdotal evidence
suggests that populations of ring-billed gulls and herring
gulls increased over the 20 years between study periods (L.
Grim, Voyageurs National Park, personal observation), but
no such data exist for corvids. Bald eagles are also known
predators of adult loons in VNP, including preying upon
adult loons while on the nest (Vlietstra and Paruk 1997;
VNP, unpublished data). The number of bald eagles in the
study area increased from 7 to 30 territorial pairs between
1983 and 2006 (Grim and Kallemeyn 1995; VNP,
unpublished data). The presence of bald eagles can also
cause adult loons to flush from the nest, exposing them to
secondary egg predators. Up to 32% of observed nest flushes
(n ¼ 780) in lakes of northern Wisconsin were attributed to
presence of nearby bald eagles (Meyer 2006). Bald eagles are
responsible for similar declines in nesting success and
productivity of double-crested cormorants (Phalacrocorax
auritis) in Kabetogama and Rainy lakes and in the Pacific
Northwest through both direct predation and indirect
facilitation of egg predators such as herring gulls and
American crows (S. Windels, Voyageurs National Park,
unpublished data; Verbeek 1992). Gutreuter et al. (2013)
attributed increased bald eagle populations to some of the
23% decline in loon productivity observed across Minnesota
from 1979 to 2009. That study only investigated the effects
of bald eagles on fledging success, but the decrease in
productivity is likely partitioned between predation on
nesting loons (i.e., adults and eggs) and on hatched chicks.
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Raccoons depredate loon nests in VNP and elsewhere in the
Great Lakes region (Cummings 2003, McCann et al. 2005).
Raccoons are relatively new to the study area, as their range
has spread northward in the region, concomitant with
contemporary climate shifts (Hazard 1982, Meyer 2006).
Raccoon abundances differed little between the 1980s and
the early 2000s in forests of Minnesota, whereas red foxes
increased and skunks decreased in abundance (Erb 2006).
The dramatic increase in predation over time across both
study areas suggests that this effect is not a result of the 2000
Rule Curve changes. However, more research is needed to
understand how water-level management interacts with
predator behavior in different contexts to affect the
probability of nest predation. For example, nests exposed
to receding water levels may be more visible to visual
predators such as eagles and gulls.
Some of the nest failures that were attributed to predation
or other causes could have ultimately been caused by human
disturbance. We took great care to minimize the amount of
disturbance induced by the research team during initial nest
measurements and subsequent monitoring visits. We also
made monitoring observations from a sufficient distance to
avoid causing loons to flush from the nest. Further evidence
of a lack of a researcher effect on nest success is that loon
productivity in Rainy averaged 0.04 chicks/pair and 0.17
chicks/pair in Namakan in 2007, when we conducted only 3
territory visits/season. These productivity values were less
than in any of the years from 2004 to 2006, when we visited
territories as many as 20 times/season (VNP, unpublished
data). Previous studies have linked decreases in nesting
success of loons to human disturbance (e.g., Titus 1978,
Titus and VanDruff 1981, Caron and Robinson 1994, but
see Ashenden 1988). In our study, the decrease in nest
success observed between the 1983–1986 and 2004–2006
periods cannot be easily associated with increased human use
of the large lakes in the VNP area, given that total visitation
and angler-hours per hectare were similar between the 2
periods (Kallemeyn et al. 2003). One major change is that
average size and horsepower of powerboats in the Midwest
has increased since the 1980s, potentially creating bigger
wakes and causing more nests to fail from induced wave
action (Asplund 2000).
Chick survival to fledging (i.e., to 6 weeks of age) in our
study area has apparently declined since the 1980s. Reiser
(1988) documented that 96% of loon chicks in her study
survived to at least 4 weeks of age. Even assuming some
additional mortality occurred after 4 weeks, chick survival in
our study was nearly 20% less than in the 1980s. Bald eagles
are the most likely predator of loon chicks in our study (Paruk
et al. 1999; VNP, unpublished data; also see previous section
on nest predation). The timing of loon chick hatching can be
affected by water-level management, either by delaying
initiation or by inducing nest failure in early nests. The
linkage between timing of hatching and survival rates of
chicks warrants further investigation into whether water-
level management may have indirect effects on chick survival.
The 2000 Rule Curves were implemented in part to reduce
the ecological consequences of unnatural hydroregimes
(Kallemeyn et al. 2003), but we are unsure whether the
pre-dam hydroperiod would be more beneficial to loon
nesting success than either of the 2 managed regimes
currently in place. The natural hydroperiod, as modeled by
Flug (1986) (Fig. 2), suggests that the 1 May–1 July water-
level rise would have been about 0.9 m on both lakes, but
would have been accompanied by steadily declining water
levels for the duration of the season. Under the modeled
natural regime on Rainy, for example, the water-level rise
experienced during the early portion of the nesting season
would have been almost double that of the current managed
regime. Given that both the timing of spring fill and the
magnitude of water-level change influence loon nesting
success, water-level-related causes of nest failure on Rainy
may be artificially reduced over what may be experienced, on
average, under the natural hydroperiod.
MANAGEMENT IMPLICATIONS
Our BACI design and modeling approach illustrate that
water-level management in lake systems can be altered to
benefit aquatic wildlife such as common loons. Altering
water-level management regimes can improve loon produc-
tivity across a large spatial extent, and it may be more
practically applied than other solutions such as artificial nest
platforms or predator management. Adopting water-level
management regimes that are more similar to natural
conditions will also likely benefit other components of the
system, including reducing methylmercury production
(Sorensen et al. 2005) and restoring fish habitat or
submergent vegetation communities (Kallemeyn et al.
1993). However, in this era of contemporary climate change,
wildlife will be affected by complex combinations of biotic
and abiotic factors, acting in both direct and indirect
manners, through drivers that both are and are not easily
manipulated by wildlife managers (e.g., land-use change and
development, invasive species, climate change, recovery of
top predators, human disturbance). Given such complexity
and their need to juggle multiple management objectives
simultaneously, managers should take advantage of existing
historical data, consider multiple competing a priori
hypotheses that incorporate key confounding variables,
and apply adaptive-management principles.
Managed hydroperiods differ from more natural regimes
not only in the timing and magnitude of water-level changes,
but also by reducing the stochasticity associated with most
natural systems. For long-lived species such as loons, periodic
pulses of high productivity may be enough to sustain loon
populations as well or better than more monotonic inputs of
low productivity, such as would be induced if water levels
stayed consistently within the prescriptions of the 1970 Rule
Curves. These longer time horizons, along with the
metapopulation and source-sink dynamics that require
considering the focal system within the broader landscape
context, will likely remain wildlife management frontiers for
decades to come.
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outcome (success, flooding, stranding). See Table for
description of model variables.
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Appendix S-1. Decision-tree to determine nest outcomes for common loon nests, 2004-2006. 
I. Eggs present 
A. Eggs in the nest 
i. Eggs intact 
1. Water in nest cup…FLOODED 
2. No water in nest cup 
a. Nest highly saturated…FLOODED 
b. Nest not saturated 
i. Water above nest edge…UNKNOWN 
ii. Water below nest edge 
1. Distance to water >50cm or vertical steps 
present…STRANDED 
2. Distance to water <50cm and no vertical 
steps present…UNKNOWN 
ii. Eggs not intact or damaged 
1. Shell fractured into >15 pieces…SUCCESSFUL HATCHING 
2. Eggshell punctured (hole present)…AVIAN PREDATION 
3. Eggshell crushed…MAMMAL PREDATION  
B. Eggs proximate to the nest 
i. Eggs intact…UNKNOWN 
ii. Eggs not intact or damaged 
1. Eggshell punctured (hole present)…AVIAN PREDATION 
2. Eggshell crushed …MAMMAL PREDATION  
II. Eggs absent 
A. No evidence of nest disturbance 
i. Water in nest cup…FLOODED 
ii. No water in nest cup 
1. Mammal sign present…MAMMAL PREDATION 
2. No mammal sign present 
a. Nest highly saturated…FLOODED 
b. Nest not saturated 
i. Water above nest edge…UNKNOWN 
ii. Water below nest edge 
1. Distance to water >50cm or vertical steps 
present…STRANDED 
2. Distance to water <50cm and no vertical 
steps present…UNKNOWN 
B. Nest disturbed/destroyed, with or without mammal sign…MAMMAL 
PREDATION 
Appendix S-2. Model sets for analyses relating abiotic factors to timing of common loon 
nest initiation or loon nest outcome (success, flooding, stranding).  See Table 1 for 
description of model variables. 
Model 
No. 










9 MAX_PI + B_P 
10 MAX_PI + DAY_I 
11 MAX_PI + DAYS_ICE 
12 MAX_PI + DAYS_PEAK 
13 MAX_PI + B_P + BASIN 
14 MAX_PI + B_P + WL 
15 MAX_PI + DAY_I + BASIN 
16 MAX_PI + DAY_I + WL 
17 MAX_PI + DAYS_PEAK + BASIN 
18 MAX_PI + DAYS_PEAK + WL 
 
  
Appendix S-2. (continued) 
Model 
No. 











10 NEL + B_P 
11 MAX_IO 
12 MAX_PI 
13 MAX_PI + NEL 
14 NB + B_P 
15 NEL + B_P + DAY_I 
16 NEL + B_P + MAX_IO 
17 NEL + DAY_I + NESTSUB 
18 NEL + DAYS_PEAK + DAY_I 
19 MAX_PI + NEL + B_P 
20 NB 
21 NB + B_P + NESTSUB + MAX_IO 
22 NEL + B_P + NESTSUB + MAX_IO 
23 NEL + DAY_I + NESTSUB + MAX_IO 
24 MAX_PI + NEL + B_P + NESTSTUB 
25 MAX_PI + NEL + DAY_I + NESTSUB 
 
  
Appendix S-2. (continued) 
Model 
No. 














13 DAY_I + B_P 
14 MAX_PI + NEL 
15 NB + B_P 
16 NEL + B_P + DAY_I 
17 NEL + B_P + MAX_IO 
18 NEL + DAY_I + NESTSUB 
19 NEL + DAYS_PEAK + DAY_I 
20 MAX_PI + NEL + B_P 
21 NEL + B_P + NESTSUB + MAX_IO 
22 NEL + DAY_I + NESTSTUB + MAX_IO 
23 MAX_PI + NEL + B_P + NESTSUB 
24 MAX_PI + NEL + DAY_I + NESTSUB 
25 NB + B_P + NESTSUB + MAX_IO 
 
  
Appendix S-2. (continued) 
Model 
No. 












11 NEL + B_P 
12 DAY_I + B_P 
13 DAYS_ICE 
14 MAX_PI + NEL 
15 NB + B_P 
16 NEL + B_P + DAY_I 
17 NEL + B_P + MAX_IO 
18 NEL + DAY_I + NESTSUB 
19 NEL + DAYS_PEAK + DAY_I 
20 MAX_PI + NEL + B_P 
21 NEL + B_P + NESTSUB + MAX_IO 
22 NEL + DAY_I + NESTSUB + MAX_IO 
23 MAX_PI + NEL + B_P + NESTSUB 
24 MAX_PI + NEL + DAY_I + NESTSUB 
25 NB + B_P + NESTSUB + MAX_IO 
 
